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ABSTRACT
THERMO-ELECTRICAL FIELD ANALYSIS FOR THE TREATMENT OF
TUMORS IN THE LIVER
Haritha Reddy Gouru, MS
Department of Mechanical Engineering
Northern Illinois University, 2015
Pradip Majumdar, Director

Hepatic tumors occur in liver tissue due to the growth of malignant cells. Low-frequency
Joule heating (LFJH) is one of the cancer treatment methods that show tremendous potential to
treat hepatic cancer without causing excessive side effects or patient discomfort as other cancer
treatments such as chemotherapy. In this localized thermal treatment method the tumor in liver
tissue is heated to a critical temperature range using radio frequency (RF) energy designed to
damage malignant cells. An electrode is introduced over the tumor and electric current is passed
through it to induce Joule heating. The volume heat generation due to the Joule heating raises
local temperature in tumor cells and causes complete destruction or damage. In this study, a
computational simulation model is created based on coupled solution of bioheat equation and
electrical field equation and considering a composite region of malignant tumor embedded in
liver tissue region. The electrical and thermal fields that can cause damage to the malignant cells
without affecting the surrounding tissue are determined and optimized by changing various
controlling parameters such as electrode design, frequency and amplitude of the RF energy.
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CHAPTER 1 INTRODUCTION
1.1 Motivation
In the recent generation, the leading cause of mortality worldwide is malignant tumors.
According to recent statistics, “This year, an estimated 35,660 adults (25,510 men and 10,150
women) in the United States will be diagnosed with primary liver cancer. An estimated 24,550
deaths (17,030 men and 7,520 women) from this disease will occur this year” (American
Society for Clinical Oncology [ASCO], 2014). The percentage of survival of a person is
measured as one-year survival rate and five-year survival rate. It shows that there is only 17%
five-year survival rate after cancer is found in the body. (American Society for Clinical
Oncology [ASCO], 2014).
The traditional surgical removal technique is not observed to be effective in most of the
cancer treatment cases due to its cost of surgery, medical risks and the location and size of
tumor, etc. There are many alternative methods to treat cancer, for example chemotherapy, but
since every cell in the body will be reacted with chemo medicine, the side effects for that
treatment will be more. The motivation of this study is to find a highly effective treatment that
can cure malignant tumors in liver with minimum side effects.
1.2 Literature Review
Lackovic and Magjarevic (2009) developed a coupled electro-thermal model using 3-D
finite element approach and considered two electrode geometries: parallel plates and a pair of
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needles. They analyzed the influence of tissue electrical conductivity on the temperature
distribution based on the numerical simulations (Lackovic & Magjarević, 2009).
Tungjitkusolmun et al. (2002) developed a 3-D FEM model which consists of a four-tine
radio frequency (RF) probe, tissue and a large blood vessel and performed temperaturecontrolled analysis. They have also shown simplified 2-D model with a bifurcated blood vessel
and performed analysis by varying the blood vessel positions (Tungjitkusolmun, et al., 2002).
Brace (2014) gave a detailed explanation on the alternative methods available that can
replace the traditional surgical methods. He had discussed about the bioheat and electrical
equations to be used for the thermal ablation method (Brace, 2014).
Zhang et al. (2013) discussed about the radio frequency (RF) ablation technique, the
principle lying behind it, the developments in this technique and its valuable achievements,
which include the device(cooled-tip electrode and an expandable electrode), the strategy used
for the operation and its extension to other diseases (Zhang, Moser, Zhang, & Zhang, 2013).
Livraghi et al. (2003) considered many cases treated by RF ablation technique and
reported the number and characteristics of complications (i.e., deaths). The obtained data was
analyzed to know the reason behind the major complications. The analysis proved that RF
ablation will be a low-risk procedure in treating liver tumors (Livraghi, Solbiati, Meloni,
Gazelle, Halpern, & Goldberg, 2003).
Dodd et al. (2000) considered six minimally invasive treatments to treat hepatic tumors.
They gave detailed explanation of the experimental setup and procedure to be followed. All the
methods are compared and debated by six noted authorities from six institutions around the
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world and proved that for hepatic tumors RF ablation would be best procedure to treat (Dodd,
Soulen, Kane, Livraghi, & Lees, 2000).
Goldberg et al. (2000) considered increasing energy deposition, such as reducing excess
heat by internal cooling, can have useful results. They studied about the Penne's equation and
the factors that influence tissue heating (Golberg, Gazelle, & Mueller, 2000).
Garcia et al. (2014) aimed in study to find the electrical and thermal damage that will
occur within the vicinity of irreversible electroporation using bipolar probe. They also gave a
detailed explanation on the number of cancer cells killed due to the electroporation technique
(Garcia, Davalos, & Miklavcic, 2014).
1.4 Objective
The primary objective of this study is to test low radio frequency thermal ablation
(LRFTA) technique for the treatment of hepatic cancers. The treatment involved localized direct
heating of the tumor in liver tissue to a critical temperature range using radio frequency (RF)
energy through direct insertion of multiple tiny electrodes to damage the malignant cells
completely. The goal is to maintain effective heating and sufficient enough temperature rise to
cause the cancer cell to die with minimum damage to the surrounding tissue.
A computational simulation model is developed based on coupled solution of bioheat and
electrical field equations and considering a composite region of malignant tumor embedded in
liver tissue region. Sensitivity analysis is performed to determine and optimize electrical and
thermal fields that can cause damage to the malignant cells without affecting the surrounding
tissue by changing various controlling parameters such as electrode design, frequency and
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amplitude of the RF energy. Damage integral simulation (DIS) of the cells and tissues is also
performed to correlate with electro-field solutions to the damage of the cancer cells.
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CHAPTER 2 ELECTRO-THERMAL MODEL
2.1 Physical Model for Simulation
A basic 3D model is designed to do analysis to determine and optimize electrical and
thermal fields that can cause controlled damage to the malignant cells. Figure 1 shows the basic
physical model.

Figure 1 Basic 3D model
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The components of this model include:
•

Liver
The liver is approximated to be in the shape of cylinder to reduce complexity of the

model. The inner cylinder is considered as liver which has tumor in it. It is 55mm in diameter
and 60mm in length.
•

Blood vessel
A 1mm diameter blood vessel is considered in the model. Even the blood vessel will act

as a parameter in tissue heating. Since the temperature of blood is 37℃, it will cool the nearby
tissue temperature.
•

Electrode
The electrode consists of three probes which will be inserted into the liver. It is made of

Ni-Ti and 22V input potential is given to electrode. Due to the electric potential given to the
electrode, heat will be generated because of Joule heating which increases the tissue
temperature. It is 30mm in length and 0.5mm in diameter.
•

Electrode base
The electrode base is insulated and is grounded. It is used to handle the electrode. It is

made of polyurethane and is 20mm in length and 3mm in diameter.
•

Healthy liver tissue
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The healthy tissue around the tissue having tumor is considered so that the distribution of
electric and thermal fields can be noticed and the input parameters can be optimized so that the
healthy tissue will not get affected. The dimensions taken are 60mm diameter and 70mm in
length.
2.2 Simulation Model
The finite element analysis is carried out by coupling electric currents (ec) and bioheat
transfer (ht) modules.
2.2.1 Electric Field
The electric field model shows the electric field generated in the liver tissue as a result of
the applied voltage. The heat generated due to Joule heating in this model is coupled with
bioheat transfer model.
Governing equation for the electric field:
−∇. (𝜎𝜎∇𝐸𝐸) = 0

where E is the potential (V) and 𝜎𝜎 is the electrical conductivity (S/m).
2.2.2 Bioheat Transfer
The bioheat transfer model includes 3-D heat diffusion, blood perfusion and heat
generation due to Joule heating caused by the RF energy input and heat generation due to
metabolism. The temperature solution from the bioheat model can be integrated into the tissue
damage integral model for cell damage analysis.
Governing equation for bioheat transfer:
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𝜌𝜌. 𝐶𝐶𝑝𝑝 .

𝜕𝜕𝜕𝜕
= ∇. (𝑘𝑘∇𝑇𝑇) + 𝑄𝑄𝑚𝑚 + 𝑄𝑄𝑝𝑝 + 𝐽𝐽. 𝐸𝐸
𝜕𝜕𝜕𝜕
𝑄𝑄𝑝𝑝 = 𝜌𝜌𝑏𝑏 . 𝐶𝐶𝑏𝑏 . 𝜔𝜔𝑏𝑏 . (𝑇𝑇𝑏𝑏 − 𝑇𝑇)

where
•
•
•
•
•

𝑄𝑄𝑚𝑚 is heat due to metabolic reactions

𝑄𝑄𝑝𝑝 is heat due to blood perfusion
J.E is Joule heating

𝜔𝜔𝑏𝑏 is the blood perfusion rate
𝑇𝑇𝑏𝑏 is blood temperature.

2.3 Material Properties
Input parameters used in the simulation model are presented in the Table 1.
Table 1 Material Properties (Tungjitkusolmun, et al., 2002).
Property
Thermal
conductivity(k)
(𝑊𝑊/(𝑚𝑚. 𝐾𝐾))
Density(𝜌𝜌)
(𝑘𝑘𝑘𝑘/𝑚𝑚3 )

Heat capacity
at constant
pressure(𝐶𝐶𝑝𝑝 )
(𝐽𝐽/(𝑘𝑘𝑘𝑘. 𝐾𝐾))

Liver

Electrode
base

Electrode
probes

Blood
vessel

0.512

0.026

18

0.543

1060

70

6450

1000

840

4180

1045
3600

(continued on following page)
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Table 1. Continued.

Property

Liver

Electrode
base

Electrode
probes

Blood
vessel

Electrical
conductivity(𝜎𝜎)
(S/m)

0.333

1e-5

1e8

0.667

Relative
permittivity

1

1

1

1

Physical parameters for simulation model are presented in Table 2.
Table 2 Parameters Used in Physical Model (Manjunath et al., 2014)
Blood temperature (𝑇𝑇𝑏𝑏 )

37℃

Blood Perfusion (𝜔𝜔𝑏𝑏 )

6.4e-3[1/s]

Initial and Boundary temperature (𝑇𝑇0 )
Metabolic heat (𝑄𝑄𝑚𝑚 )

Electric Potential (𝑉𝑉0)

37℃

420[𝑊𝑊/𝑚𝑚3 ]
22[V]

2.4 Boundary Conditions
2.4.1 Boundary Conditions for Electric Currents
Electric insulation:
The liver boundaries and electrode base1 boundaries are electrically insulated, which
means theoretically electric current will not conduct from all the outer boundaries. Figure 2
shows the selected liver and electrode base1 boundaries.
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Figure 2 Electric insulation
Initial values:
Initially the voltage is given zero for all the boundaries, V=0 (Figure 3).

Figure 3 Initial value
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Ground:
In order to provide safety, the liver, blood vessel and electrode base1 are grounded so that
if electric insulation fails there will be less damage. Since we are dealing with sensitive parts of
the body, AC current should be grounded before entering into the body. Figure 4 shows the
liver, Figure 5 shows the blood vessel and Figure 6 shows the electrode boundaries selected to
ground.

Figure 4 Liver ground

Figure 5 Blood vessel ground

Figure 6 Electrode base1 ground
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Electric potential:
Electrode base2 and four electrode probes are given electric potential so that conductivity
takes place, and due to heat generated because of Joule heating the liver tissue will be heated.
Figure 7 and Figure 8 show that electric potential is applied.

Figure 7 Electrode base 1 potential

Figure 8 Electrode probe potential

2.4.2 Boundary Conditions for Bioheat Transfer
Thermal insulation:
The liver boundaries and electrode base1 boundaries are even thermally insulated so that
there will be no temperature distribution outside the liver. Figure 9 shows the liver and electrode
base1 boundaries selected to insulate thermally.
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Figure 9 Thermal insulation
Temperature:
The liver and blood vessel boundaries are given blood temperature. Figure 10 liver
boundaries selected to give body temperature and Figure 11 shows the blood vessel selected to
give blood temperature respectively.

Figure 10 Liver temperature

Figure 11 Blood vessel temperature
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CHAPTER 3 THERMO-ELECTRICAL ANALYSIS
3.1 Basic Symmetric Model for Simulation

The computational analysis is performed using COMSOL Multiphysics. The
computational model is designed and the model is imported to the finite element analysis solver.
The model dimensions considered to develop basic 3D model are shown in Figure 12.

Figure 12 Basic model dimensions
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Using the above dimensions, the model is designed in COMSOL and finite element
analysis is performed. The model designed looks like Figure 13.

Figure 13 Electro-thermal model

3.2 3D Model with Liver Dimensions
3D model is now improved considering original liver dimensions and using different
electrode shape. The model designed in SOLIDWORKS.
Electrode:
The electrode is designed with the below dimensions shown in Figure 14 and consists of
electrode base 1, electrode base 2 and four electrode probes. Electrode base 1 is insulated so that
there will not be any heat transfer from it.
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Electrode base 2 will enter the liver and is not insulated. The length of electrode base 2
and electrode probes are taken in such a way that it can reach a tumor located in any part of the
liver.

Figure 14 Electrode
The malignant tumor to be treated will be embedded between the electrode probes and
the electrode design is shown in above Figure 14. The distance between the opposite probes is
16mm so that tumors of size less than 1.4 cm can be treated by this electrode. Input electric is
given to all the electrode probes which will increase the tissue temperature.
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Liver:
The size of liver is approximately 21-22.5 cm across its widest point, 15-17.5 cm at its
greatest vertical height, and 10-12.5 cm from front to back (Cure Zone, 2003). I have considered
21cm length, 15cm height and 10 cm thickness to design the liver as shown in Figure 15.

Figure 15 Liver model

Those two components are assembled in SOLIDWORKS. The electrode is placed in the
center of the liver. Electrode base2 and electrode probes will be inserted into the liver. The
assembly is imported to COMSOL for further analysis and the imported model looks like Figure
16.
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Figure 16 Thermo-electrical model assembly

3.3 3D Model with Another Electrode Dimensions
The distance between the electrode probes is now reduced to 10mm and the shape and
other dimensions of the electrode remain the same. The main effect of this is that we can
generate more heat in the region where we are assuming to have malignant tumor. The electrode
will be inserted over the malignant tumors of size less than 1cm and the process is carried out so
that the malignant tumor embedded between the electrode probes will be damaged. The
electrode design 2 is modeled as shown in Figure 17.
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Figure 17 Electrode design2

3.4 Damage Integral
“Cutaneous burns occur when the temperature is elevated for a sufficient length of time:
45℃ requires more than 3h, above 51℃ to temperatures below 70℃ requires less than 4min and
if it increases beyond 70℃ it requires less than 1s to cause thermal damage” (Lackovic &
Magjarevic, 2009, p. 1344).
The thermal injury that occurs to the cells near the electrode can be calculated using
Arrhenius damage equations. Knowing the fraction of cells killed during this treatment plays a
crucial role since that calculation can give appropriate and more detailed information about the
cancer cells damage.
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3.4.1 Arrhenius Damage Equation
Arrhenius model equation:
𝑑𝑑𝑑𝑑 1
𝑑𝑑𝑑𝑑
= = 𝐴𝐴exp(− )
𝑅𝑅𝑅𝑅
𝑑𝑑𝑑𝑑 𝜏𝜏

"In above equation the damage accumulation measured by the specific assay in a given
time (s-1 ), t is the time for damage accumulation (s), 𝑑𝑑𝑑𝑑 represents the threshold of damage and
is assay dependent, τ is the time required to accumulate irreversible damage (s), E is the

activation energy (kJ/mol), A is the frequency factor (s -1 ), T is the absolute temperature (K),
and R is the universal gas constant (8.315 J/mol K)” (Manjunath et al., 2014, p. 236).
The fraction of necrotic tissue(𝜃𝜃𝑑𝑑 ) is expressed as
𝜃𝜃𝑑𝑑 = 1 − exp(−𝛼𝛼)

The above damage integral equation is applied to the 3D thermo-electrical model developed.
Since the model is very large, many mesh elements are generated and it requires highly featured
PCs to perform analysis. To simplify that, 6cm sphere is approximated to be our liver tissue,
since the temperature distribution is not observed to be high above our body temperature
beyond that sphere.
Another 3D model is developed with 6cm diameter sphere as liver tissue and same
previous electrode is introduced into the sphere. Figure 18 shows the electrode and Figure 19
shows the spherical liver tissue and Figure 20 shows the assembly of those components.
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Figure 18 Electrode

Figure 19 Cylindrical liver

Figure 20 Circular model assembly
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3.5 Meshing
To perform finite element analysis the imported model should be meshed in order to get
accurate results. Free tetrahedral meshing is applied for the entire component as shown in
Figure 21. Depending on the sizes, extra fine mesh is applied for electrode (as shown in figure)
and finer mesh is applied for the liver tissue. Figure 21 shows the tetrahedral mesh provided for
the component. Figure 22 is the zoom-in view that clearly shows the electrode mesh.

Figure 21 Mesh model

Figure 22 Electrode mesh
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Figure 23 Zoom-in view of electrode mesh
3.6 Results for Mesh Refinement
The analysis was carried out using different mesh types. The temperature results for all
those mesh types are shown in a graph (Figure 24). The variation in the temperature with
respect to mesh types is plotted.

105

Temperature (degC)

95
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75
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65
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45
35
-30

-20

-10
0
10
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20

Figure 24 Temperature distribution for different mesh types
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In the above graph (Figure 24) the temperature distribution along the length of the tissue
(i.e., x-axis) is plotted for different mesh types shown in the figure. The mesh types used are
coarse, normal mesh, finer and extra-fine mesh. Initially there is a little bit of difference in
temperature between coarse and normal mesh. But afterwards, even if we refine the mesh, the
difference in temperature distribution is much less.
Figure 25 shows the zoom-in view of the above graph. The difference in temperature is
observed only at the peaks. The difference is seen only near the electrodes and the remaining
graph is almost the same for all mesh types.
108
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Figure 25 Zoom-in view of temperature vs. mesh type

Figure 26 shows the plot with number of mesh elements on y-axis and the mesh type on
x-axis.
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Figure 26 Graph for number of mesh elements vs. mesh type
The number of elements is less for coarse mesh type compared to the other three. Mesh is
progressively refined in order to show convergence of the results.
Refined mesh is identified to ensure lowest possible computational error and adequate
accuracy of the simulated results.

CHAPTER 4 RESULTS AND DISCUSSIONS
The computational simulation model is used to determine and optimize electrical and
thermal fields that can cause effective damage and identify the appropriate electrode design.
Further, a damage integral simulation (DIS) of the cells and tissues is also performed to correlate
with electro-field solutions to the damage of the cancer cells. The simulation model is used to
perform following analysis cases.
4.1 Results for a Basic 3D Model
Initially, the analysis was carried on a basic 3D model. Electric potential distribution in
the tissue is shown in Figure 27. A multislice 3D plot is taken in which shows that potential for
the electrodes is 22V and as we move away from the electrodes, the electrode potential is
reduced uniformly on both the sides of the electrode.

Figure 27 Voltage distribution for basic model
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Temperature distribution due to the Joule heating in the tissue is shown in Figure 28.
From the figure we can observe that the temperature surrounding the electrodes is almost
between 75℃ and 85℃ and on the electrodes it is around 100℃. When we move away from the
electrodes the temperature is decreased gradually and reaches normal body temperature.

Figure 28 Temperature distribution for the basic model
Isosurface:
Isosurface shows the area where the temperature required to damage the cancer cells is
achieved. Figure 29 shows the isosurface area.

Figure 29 Isosurface
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Electrical potential is measured in x and y directions along a line passing the bottom tip
of the electrodes at z=35mm. Figure 30 shows electrode potential along x-direction and Figure
31 shows electrode potential along y-direction.

Figure 30 Voltage distribution along x-direction for basic model

Figure 30 show that the voltage is reaching 22V for all the electrode probes; in between
the electrode probes it is less. And as you move away from the electrodes the voltage
distribution is gradually reduced on both the sides and so will not affect the tissue much. Along
y-axis voltage is shown and x-axis is along tissue diameter. Figure 31 is the same but in ydirection. Along y-direction only one electrode touches so the temperature reaches 22V near
that and is reduced when moved away.
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Figure 31 Voltage distribution along y-direction for basic model
Now the same is plotted for temperature. Temperature distribution is measured along a
line passing through the middle of the electrode in x and y-directions, i.e., at a depth of
z=20mm. Figure 32 shows the temperature distribution along x-direction. The temperature
reaches 360K at one of the electrodes and for the other two electrodes it is a little less because
of the presence of the blood vessel. The blood vessel will act as a sink and will reduce the
surrounding temperature and at the location of blood vessel the temperature drops to 37℃
because of the boundary condition we have given. Figure 33 shows the temperature distribution
along y-direction. The temperature reaches 355K at the electrode.
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Figure 32 Temperature distribution along x-direction for basic model

Figure 33 Temperature distribution along y-direction for the basic model
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4.2 Effects of Variation in RF Voltage in the Range of 12-22 V
The finite element analysis was carried out at different voltages (22V, 15V and 12V) and
results are analyzed.
4.2.1 Results for 22V Input Potential
Electric potential distribution:
Figure 34 shows the electric potential distribution in the model designed with liver
dimensions. Near the electrodes the voltage is 22V as given input is 22V. The potential
distribution can be seen surrounding the electrodes only.

Figure 34 Electric potential distribution for 22V
Temperature distribution:
Figure 35 shows the temperature distribution for the applied 22V input potential.
Temperature around 80℃ is observed near the electrodes and body temperature is noticed in the
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liver tissue, except the tissue surrounding the electrode. A multislice view of temperature
distribution is shown in the figure.

Figure 35 Temperature distribution for 22V
Temperature distribution is measured along a line passing through the middle of the
electrode in z-direction, i.e., along thickness at depth/height =20mm.Figure 36 is the
temperature distribution along z-direction. The temperature is gradually increased and it reaches
to 83℃ in 10 min. The temperature increase is mostly observed in the first five minutes and in
the next five minutes there is very less increase in the temperature.
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Figure 36 Temperature distribution along z-direction for 22V
Electrical potential in z-direction is measured along line a passing through the middle of
the electrodes, i.e., at depth of 20mm. Figure 37 shows the voltage distribution along zdirection. At the electrodes 22V potential is seen and it is gradually decreased. In between the
electrode probes nearly 15V is observed, but as we go away it is much less, which won't have
any affects on liver tissue.
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Figure 37 Voltage distribution along z-direction for 22V
As we see very high temperatures (above 100℃) between the electrode probes, the next
simulation is carried with 15V input potential.
𝑊𝑊

Heat source (𝑚𝑚3 ):
The amount of heat generated due to Joule heating is plotted along z-axis as shown in
𝑊𝑊

Figure 38. Near the electrodes the heat generated is nearly 3.6e7𝑚𝑚3 . A little bit is seen near the

electrode but it is zero afterwards.
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Figure 38 Heat source for 22V
𝐴𝐴

Current density (𝑚𝑚2 ):
Current density is the current flowing per unit area. Figure 39 shows the current density
𝐴𝐴

distribution along z-direction. A maximum of 3400𝑚𝑚2 is observed at the electrode probes and an
𝐴𝐴

average of 800𝑚𝑚2 around the electrode probes and almost zero as we move away from the
electrodes.

36

Figure 39 Current density for 22V
Heat flux (W/𝑚𝑚2 ):

Heat flux is the rate of heat generated per unit area. Figure 40 nearly 22000 W/𝑚𝑚2 is

observed at the electrodes and an average of 3000 W/𝑚𝑚2 is observed surrounding the electrode
and zero away from the electrode.

Figure 40 Heat flux for 22V
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4.2.2 Results for 15V Input Potential

Electric potential distribution:
Figure 41 shows the electric potential distribution. In this simulation 15V is given as
input potential.

Figure 41 Electrode potential distribution for 15V
Temperature distribution:
Temperature plot is taken and the Figure 42 is shown below. For input potential of 15V,
maximum temperature observed is 88.6℃.
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Figure 42 Temperature distribution for 15V
Temperature distribution is measured along a line passing through the middle of the
electrode in z-direction, i.e., along thickness at depth/height =20mm.Figure 43 it is observed
that the maximum temperature obtained is 58℃ and in between the probes it is nearly 46℃. The
temperature is gradually increased and it is almost 37℃ when moved away from the electrodes.
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Figure 43 Temperature distribution along z-direction for 15V
Electrical potential in z-direction is measured along a line passing through the middle of
the electrodes, i.e., at depth of 20mm. Figure 44 shows the potential distribution along z-axis.
On the electrodes, 15V is observed and in between the electrode probes nearly 10V is seen. The
potential distribution will be uniform on both sides.
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Figure 44 Electric potential distribution along z-direction for 15V
4.2.3 Results for 12V Input Potential
The same analysis is now carried out with 12V input potential. The results for this
analysis are shown in Table 3. Comparison between analysis results of 22V, 15V and 12V is
given in Table 4.
Table 3 Results for 12V Input Potential
Input potential
12V
Maximum temperature observed

70℃

Temperature seen on the electrode
probes

50℃

Temperature between the electrode
probes

42℃

Voltage between the electrode probes

8V
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Table 4 Analysis of Results for 22V, 15V and 12V
Input potential
Maximum
temperature
observed
Temperature
seen on the
electrode probes
Temperature
between the
electrode probes
Voltage between
the electrode
probes
Effective damage
region on both
sides of the
electrode

22V

15V

12V

140℃

88.6℃

70℃

83℃

58℃

50℃

56℃

46℃

42℃

15V

10V

8V

5mm

3mm

2mm

From the above Table 4, 15V input potential is the best method to do. But all the above
simulation results have one backlog. In all the simulation results, the temperature on the
electrodes is satisfied but the temperature in between the electrode probes is a little bit less than
the required temperature. In order to increase the temperature between the electrode probes one
method is to reduce the distance between the electrode probes, i.e., changing the dimensions of
the electrode.
4.3 Effect of Variation in Electrode Design
Here, the analysis was carried out by changing the electrode design. The distance
between the opposite probes is reduced and results are obtained and analyzed.
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4.3.1 Results for 15V Input Potential with Electrode 2
Electric potential distribution:
Figure 45 shows the potential distribution. As we have changed only the distance
between the electrode probes, the potential distribution remains the same. Voltage on the
electrodes remains the same 15V.

Figure 45 Electric potential distribution for 15V with electrode 2
Temperature distribution:
From Figure 46, when 15V input potential is given, the maximum temperature observed
is 91.4℃ which are higher when compared to before 15V result.
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Figure 46 Temperature distribution for 15V input potential with electrode 2

Electrical potential in z-direction is measured along a line passing through the middle of
the electrodes, i.e., at depth of 20mm. Figure 47 shows the electric potential distribution along
z-direction. Here the voltage between the electrode probes is 13V, which is 3V greater than the
previous results with the other electrode.

Figure 47 Electric potential distribution along z-direction for 15v with electrode 2
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Temperature distribution is measured along a line passing through the middle of the
electrode in z-direction, i.e., along thickness at depth/height =20mm. For the given potential and
electrode shape the obtained temperature distribution is shown in the above Figure 48. The
maximum temperature on the electrodes remains the same as previous analysis but the
temperature between the electrode probes is 55℃, which was previously only 46℃. So, there is
nearly 9℃ increase in the temperature which is almost sufficient to kill cancer cells.

Figure 48 Temperature distribution along z-direction for 15v with electrode 2

4.3.2 Results for 22V Input Potential with Electrode 2
Here the same analysis is carried out with the same electrode but with 22V input potential
(Figure 49).
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Electric potential distribution:
The maximum voltage seen on the electrodes is 22V only, the same as previous 22V
input potential results.

Figure 49 Electric potential distribution for 22V with electrode 2
Temperature distribution:
Temperature distribution 3D plot is shown in Figure 50. The maximum temperature
observed is 145℃, which is more than the previous 22V input potential results.
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Figure 50 Temperature distribution for 22V with electrode 2
Electrical Potential in z-direction is measured along a line passing through the middle of
the electrodes, i.e., at depth of 20mm. The voltage between the electrode probes is 19V which is
only 15V in the analysis carried out with the other electrode (Figure 51).

Figure 51 Electric potential distribution along z-direction for 22V with
electrode 2
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Temperature distribution is measured along a line passing through the middle of the
electrode in z-direction, i.e., along thickness at depth/height =20mm. From Figure 52, with 22V
input potential and with the new electrode, the temperature between the electrode probes is
obtained to be around 75℃.

Figure 52 Temperature distribution along z-direction for 22V with electrode 2
Analysis between 15V and 22V input potential with electrode2 design:
When 22V input potential is given, the temperature between the electrode probes is 75℃,
whereas when 15V input potential is given, it is observed to be 55℃. Neither of temperatures is
exactly what we are looking for. One is more than the required temperature and one is less than
the required temperature. So, in order to get constant required results along with the electrode 2
dimensions, varying the input potential values with time will have some better results. Now,
another analysis is done by giving potential in intervals of time.
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4.4 Effect of Variation in the Frequency of Input RF Energy
Here the analysis is carried out by changing the frequency of RF energy. Now, electric
potential is varied with respect to time. It is supplied as short-term pulses in different ways and
the best effective one among them which can generate sufficient temperature between the
probes to damage cancer cells is obtained.
4.4.1 Results for Input Frequency in Cycle of 200s
The input potential given in intervals of time is shown in the below Figure 53.

Figure 53 Input potential graph with respect to time for 200s cycle
The above graph shows that 22V is given for the first 200s and stopped for the next 200s
and again 22V is given for the last 200s. Totally the time for the process is 600s. The main
advantage of this method is that the liver tissue is not heated continuously. Some cooling effect
is provided to the liver tissue.
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Temperature distribution:
As shown in the previous simulations, the maximum temperature obtained in the process
is 146℃ for the given input potential. If the process is continuously carried out for 10 min the
obtained maximum temperature is 145℃. The thermal and electric field results are shown in
Figures 54 and 55. Temperature distribution is measured in z-direction along a line passing
through the middle of the electrodes, i.e., at depth of 20mm.

Figure 54 Temperature distribution for 200s cycle
From Figure 54, the temperature at the beginning of the first 200s cycle (i.e., at 46s) is
around 60℃ and at the end of the cycle it is nearly 75℃. At the beginning of the second cycle
(i.e., when the input potential is stopped), the temperature reduces to 65℃ and at the end of
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second cycle the temperature reduces even more and becomes around 42℃. Again potential is
given and at the beginning of the third cycle the temperature rises to 46℃ and by the end of this
process the temperature is around 80℃. But since the temperature is drastically decreasing, the
cycle time is reduced and with 50s cycle another simulation is done.
Electric potential in z-direction is measured along a line passing through the middle of
the electrodes, i.e., at depth of 20mm. Figure 55 clearly shows that for the first cycle the
potential given is 22V and for the second cycle the potential is 0. Blue line at 190s shows 22V
potential and green line at 396s shows 0V potential.

Figure 55 Electric potential for 200s cycle
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4.4.2 Results for Input Frequency in Cycle of 50s
Input potential given for the second analysis is shown in Figure 56.

Figure 56 Input potential graph with respect to time for 50s cycle
In this analysis, the input potential is given in 50s cycle. For the first 50s cycle 22V
potential is given and for the second cycle the potential is given as 0V; for the third cycle again
22V is given and for the last 4th cycle the potential is stopped.
Temperature distribution is measured in z-direction along a line passing through the
middle of the electrodes, i.e., at depth of 20mm. Here the temperature distribution for 50s cycle
is shown in Figure 57. In the beginning of the first cycle (i.e., at 1s) the temperature is 38℃ and
at the end of first 50s cycle the temperature is 62℃; and in the beginning of the second cycle
(0V) the temperature is 60℃ and at the end of the cycle it is 48℃; for the third cycle (22V) the
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temperature rises a little bit and by the end of the cycle it increases to 68℃; for the beginning of
the fourth cycle the temperature is 65℃ and by the end of the process the temperature reduces to
55℃.

Figure 57 Temperature distribution for 50s cycle
As the duration of cycle is reduced, the decrease in temperature is observed to be a little
less and the temperature is decreased in the same shape at most of the places, unlike in the
previous 200s cycle. Another simulation with 100s giving potential for the first cycle and
afterwards maintaining 20s cycle will give our appropriate results.
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4.4.3 Results for Non-Periodic Input Frequency

Input potential for the next process is shown in Figure 58.

Figure 58 Input potential graph with respect to time for 100s cycle

In this analysis, from the above figure you can see that 22V potential is given for first
100s and then it is stopped for second 20s cycle, and again potential is given for the third cycle
20s and again stopped for 20s. In order to reach our required temperature the first cycle is
considered for 100s, and to maintain temperature constantly around 60℃ the input potential is
stopped just for 20s. To make sure that again temperature will not rise more than our required
temperature for the third cycle, potential is given only for 20s and like that the cycle continues.

54
Temperature distribution is measured in z-direction along a line passing through the
middle of the electrodes, i.e., at depth of 20mm. From Figure 59, at the beginning of the first
cycle it is almost 38℃ and at the end of the 100s cycle the temperature rises to 72℃; in the
beginning of the second cycle the temperature drops a little bit and at the end of the cooling
cycle the temperature reduces to 61℃. Again in the heating (i.e., third) cycle the temperature
increases a little bit and at the end of this heating cycle the temperature again increases to
around 69℃ and for the next cooling (i.e., fourth) cycle the temperature reduces to around 66℃.
In this cycle the temperature between the electrode probes is constantly maintained between
60℃ and 70℃, which is the optimum way to kill the cancer cells. This cycle can be repeated
until the cancer cells damage is seen.

Figure 59 Temperature distribution for 100s cycle
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4.5 Damage Integral Analysis
As I mentioned in Chapter 2, the Arrhenius damage equation is given in the COMSOL.
The model designed to do damage integral simulations is saved as STEP file and imported to
the COMSOL. All the boundary conditions are given along with damage integral equation. The
component is meshed and the study is computed with amplitude as 22V and non-periodic
frequency cycle.
Figure 60 shows the fraction of tissue damaged during the process. The area around the
electrode where the color is dark red is the region where there is complete damage to the cell.

Figure 60 Damage integral plot
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Three lines passing one at the beginning of the electrode probe, one at the midpoint and
another at the bottom of the electrode probes are considered and the fraction of tissue damage is
observed (Figures 61-63).

Figure 62 Fraction of tissue damaged along
line at the beginning of the electrode probe

Figure 61 Fraction of tissue damaged along
line at the midpoint of the electrode probe

Figure 63 Fraction of tissue damaged along
line at the end of the electrode probe
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In all three figures you can see that the region between the electrode probes is completely
damaged from beginning to the end of the electrode probe. As we move away from the electrode
the fraction of tissue damage is only some part. But between the regions where we are assuming
to have cancer cells i.e., the region between the electrode probes, the fraction of tissue damage is
1, which means the damage is complete.

CHAPTER 5 CONCLUSION
A computational simulation model based on coupled solution of bioheat equation and
electrical field equation is developed with malignant tumor region embedded in liver tissue
region.
Thermal damage to the malignant tumor cells is achieved with the following
considerations: a new electrode design, using amplitude of RF energy as 22V and non-periodic
heating with the frequency of RF energy as 100s/20s cycle.
Localized direct heating of the tumor in the liver tissue to a critical temperature range of
60℃ - 65℃ is achieved with RF heating and with a frequency of 100/20s. When this temperature
range is maintained, the damage to the cancer cells can be observed in a few additional minutes.
Damage integral simulation is performed which correlates with electro-field solutions.
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